We explore high-dimensional modulation for mode-division multiplexed optical fiber communication systems, focusing on optimized 24-D modulation formats in six-mode fiber transmission. Compared with conventional formats, our simulations demonstrate up to 8.7 dB span loss budget improvement for 6 b/s/Hz intra-channel spectral efficiency.
Introduction
As global data traffic increases exponentially [1] , higher capacity long-haul systems are essential to sustain the growth of information technologies. Mode-division multiplexing (MDM) in multi-mode fibers (MMF) provide an intriguing option since the data paths in mutually orthogonal modes can proportionally increase the degrees of freedom for transmission [2] . Beyond the integration of the waveguide medium, MDM also promises possibilities for electronic and photonic integration of transmission components [3] .
Commonly used 2-D modulation formats map a 2-D symbol constellation to the in-phase and quadrature (I/Q) signal components. As single-mode fiber (SMF) has two transverse polarization modes which support a four-dimensional carrier, optimized 4-D modulation formats have been of interest for dual polarization (DP) SMF transmission [4] , [5] .
Further considerable performance improvements were demonstrated for optimized modulations with dimensionality greater than four by constellation mapping to the available four dimensions in a serialized form [6, 7] . A similar idea can also be generalized to MDM where the number of available carrier dimensions scales with the number of propagating modes, as considered in the context of coded modulation [8] . In this paper, we investigate implementation possibilities and performance characteristics of high-dimensional modulation for MDM, specifically focusing on two optimized 24-D modulation formats in six-mode MMF transmission. An MMF supporting N spatial modes (total 2N modes), supports propagation of the 4N-dimensional carrier at a given instant that can render modulation with dimensionality 4N. Furthermore, considering allocation of constellation dimensions to available 4N dimensions in a temporally serialized form [7] , a high-dimensional modulation format with dimensionality of multiples of 4N can be employed (see Fig. 1(a) ). Since desired optimized modulation formats designs are available for some specific dimensionalities (such as 24) [7] , this technique becomes particularly important.
Fiber modes as modulation dimensions
Two main stages of a transmitter (see Fig. 1 (a)) are: (i) mapping of encoded information bits to multi-dimensional constellation points and (ii) mapping of the constellation points to the available parallel data paths. Implementation of (i) is look-up table based for sphere-cut modulations and binary linear algebra based for binary block coded modulations [7] . Required implementation memory (ii) for depends on the the ratio of modulation dimensionality and number of I/Q dimensions (which is 2 for N = 3 and 24-D modulation example). The receiver (see Fig. 1(b) ) is implemented in an analogous structure to the transmitter. After detection and impairment compensation subsystems, the two main stages are: (i) demapping of the parallel data paths to the multi-dimensional signal points and (ii) demapping of the received multi-dimensional signal points to information bits to be sent to the outer decoder.
MDM transmission simulation
We consider two optimized 24-D formats with 0.5 bits/symbol/dimension spectral efficiency (the same as DP-BPSK): (1) Extended Golay coded modulation: Based on extended Golay code that has block length of 24 and minimum Hamming distance of 8 [7] , and (2) 12b-24D sphere-cut modulation: obtained by spherical cutting of 24-D Leech lattice [7] . Both 24-D formats yield ∼ 6 dB asymptotic power efficiency gain with respect to DP-BPSK [7] . As comparison cases, we consider DP-BPSK and DP-QPSK, based on independent modulation of spatial modes.
We assume 3 × 112 Gb/s transmission in a 4000 km long six-mode MMF. At the transmitter, DP modulators are driven by ideal rectangular signals of the symbol value in corresponding dimension, filtered by a 5 th order Bessel filter with −3 dB cut-off frequency of 0.7 times the symbol rate. Modulated signals are multiplexed in orthogonal polarizations, then in spatial modes and finally in wavelength by ideal multiplexers. 5 wavelength channels with 50 GHz spacings for DP-QPSK and 100 GHz spacings for the other three modulation formats are simulated for interchannel nonlinearities. The MMF link consists of 50 spans (each of length 80 km) separated by multi-mode erbiumdoped fiber amplifiers with 5 dB noise figure and no mode dependent gain. To quantify the transmission performance in terms of span loss budget, variable optical attenuators are considered [5] . We assume MMF propagation in the regime of ideal strong mode coupling so that it can be modeled based on multi-mode Manakov equation [9] [10]:
where E is the 6 × 1 baseband electric field envelope vector, α is attenuation coefficient, β is average inverse group velocity, β is average chromatic dispersion coefficient, γ is nonlinear coefficient and κ is a dimensionless constant depending on nonlinear coupling coefficients [2] . Inspired by [11] , we choose α = 0.2 dB/km, β = 20 ps/nm/km and γ · κ = 0.663 (km·W) −1 . At the receiver, signals are demultiplexed by wavelength and spatial mode, and ideal DP homodyne coherent detection is applied for each spatial mode. Limited analogue receiver bandwidth is modeled as a 5 th order Bessel low-pass filter with −3 dB cut-off frequency of 0.7 times the symbol rate, applied before the signal is sampled at 2 times the symbol rate. After quantization, the following signal processing was applied: normalization, frequency domain chromatic dispersion equalization, and 6 × 6 time-domain equalization based on data-aided least mean squares algorithm [12] . After impairment compensation subsystems, high-dimensional demodulator first forms the multi-dimensional symbols as in Fig. 1(b) , and applies maximum-likelihood symbol estimation. In this work, we do not simulate the actual outer FEC decoder performance but rather assume target BER values of 10 −2 and 10 −3 to represent threshold values for FEC codes.
Results and discussions
We first perform Monte-Carlo simulations over a purely additive white Gaussian noise (AWGN) channel, and plot BER performances in Fig. 2(a) . Fig. 2(b) shows the constellations without ASE for the optimum launch powers at a BER of 10 −3 . Extended Golay coded modulation yields around 1.9 and 3 dB gain, while 12b-24D sphere-cut modulation yields around 1.5 and 2.9 dB gain with respect to DP-BPSK/DP-QPSK for BER of 10 −2 and 10 −3 respectively. Transmission performances are then simulated in terms of span loss budget at a target BER of 10 −2 ( Fig. 2(c) ) and 10 −3 ( Fig. 2(d) ). It is noted that in the low launch power regime where noise and dispersions are dominant, performance is as expected from the AWGN results shown in Fig. 2(a) . In the nonlinear regime, we observe several differences. DP-QPSK has the worst performance which we attribute to its relatively low noise tolerance and lower symbol rate as the reduction in effective dispersion leads to increased nonlinear effects. DP-BPSK has a much improved nonlinear tolerance compared with DP-QPSK, due to its increased phase margin and higher symbol rate. This results in an increase of 4.3 and 4.5 dB in span loss budget compared with DP-QPSK for BERs of 10 −2 and 10 −3 . 12b-24D sphere-cut modulation has considerable performance degradation in the nonlinear region, which we attribute to its higher peak-to-average power ratio as is evident in the constellations plotted in Fig. 2(b) . For this format we see an increase of 3 dB and 5 dB in span loss budget compared with DP-QPSK for BERs of 10 −2 and 10 −3 , and also 0.5 dB increase compared with DP-BPSK for BER of 10 −3 . Extended Golay coded modulation has the best performance due to its low peak-to-average power ratio, high noise sensitivity and high symbol rate. In this case, we see an improvement in span loss budget of 6.7 dB and 8.7 dB compared with DP-QPSK (and 2.4 dB and 4.2 dB compared with DP-BPSK) at BERs of 10 −2 and 10 −3 respectively.
Conclusions
We investigated MDM transmission in six-mode MMF using optimized 24-D modulation formats obtained by spherical lattice cutting and binary block coding. We demonstrated up to 8.7 dB and 4.2 dB span loss budget improvements with respect to DP-QPSK and DP-BPSK. Our results demonstrate the premise of block-coded high-dimensional formats for MDM long-haul systems that can comprise additional lossy components and increased nonlinearities.
